We report the results of simultaneous measurements of the viscosity and density of five pure hydrocarbon liquids (octane, decane, 1,3-dimethylbenzene, 1,2,3,4-tetrahydronaphthalene and 1-methylnaphthalene) at temperatures between 298.15 K and 473.15 K and at pressures ranging from 0.1 MPa to approximately 200 MPa. The measurements were made with a vibrating-wire instrument and the estimated expanded relative uncertainties are ±2 % for viscosity and ±0.2 % for density with a coverage factor of 2. The densities were correlated by means of a modified Tait equation, while the viscosities were correlated both with the theory of Dymond and Assael and in terms of an empirical function of temperature and pressure. We also present correlations of the viscosity of dodecane and octadecane based on results that we published previously [Caudwell, et al., Int. J. Thermophys. 2004, 25, 1340-1352. Extensive comparisons with literature data are presented.
Introduction
Despite the importance of viscosity in many physical and chemical processes, there is presently no well-founded theoretical method for the prediction of this property in dense fluids. However a number of practical prediction schemes do exist that take advantage of the kinetic theory of rigid spheres and the principle of corresponding states.
1,2,3,4,5,6,7,8,9,10 The work reported here forms part of a project aimed at developing improved approaches to this problem for both pure fluids and mixtures. 8, 9 In order to establish the accuracy and reliability of predictive methods it is essential to validate them against a set of primary experimental data of proven accuracy. Furthermore, several predictive schemes for mixtures exploit accurate correlations of experimentally-determined pure fluids viscosities and it is desirable to extend the ranges of fluids and of thermodynamic states for which such correlations are available. The present paper is concerned particularly with reducing gaps in the available viscosity data of pure hydrocarbons under conditions of high temperature and high pressure, thereby permitting more rigorous testing of predictive and correlative methods. Although better understood, there is also a need for improved measurements of compressed-liquid density, and this point was also addressed in the present study. Results are reported for the following five liquids: octane, decane, 1,3-dimethylbenzene (m-xylene), 1,2,3,4-tetrahydronaphthalene (tetralin) and 1-methylnaphthalene (1-MNP). The measurements, which were made over extended ranges of temperature (298.15 K to 473.15 K) and pressure (0.1 MPa to 200 MPa), complement the results reported earlier for dodecane and octadecane. 11 A subsequent paper will deal with binary and multi-component mixtures containing these and other species.
Experimental
The measurements were made with the steady-state vibrating-wire instrument described earlier. 10, 11 This instrument employed a tungsten wire with a nominal radius of 0.05 mm and a nominal length of 70 mm. The wire, located between opposite poles of a pair of permanent magnets, was clamped in a fixed support at its upper end and to an aluminium sinker, with a mass of approximately 0.13 kg, at its lower end. The wire, sinker and magnet assembly were mounted within a high-pressure vessel which was filled with the liquid under study and the entire assembly was enclosed within an aluminium-block thermostat. The vibrating wire was driven by a constant sinusoidal current with an amplitude of order 0.1 mA and the magnitude and phase of the e.m.f. developed across it were measured as a function of frequency in the vicinity of the fundamental transverse resonance frequency. The viscosity η and density ρ of the fluid under study were determined, along with other parameters, in a non-linear optimisation loop that minimised the root-mean-squared deviation of the experimental data from the working equation.
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The sources and mass-fraction purities w specified by the suppliers of the chemical were as follows: Octane (w ≥ 0.995) and 1-MNP (w ≥ 0.98) were supplied by Fluka, decane (w ≥ 0.99), m-xylene (w ≥ 0.99) and tetralin (w ≥ 0.99) were supplied by Sigma-Aldrich, and methylbenzene (w ≥ 0.999) was supplied by Riedel-de Haën. The liquids were used without further purification. The purity of 1-MNP was studied by GC-FID but no impurities were resolved. The other substances were not analysed for purity and so it is not possible to make definitive statements about the errors arising from the presence of impurities. However, likely impurities are other hydrocarbons of similar normal boiling temperature and viscosity, leading to relative errors in the measured viscosity of less than 1 %.
Prior to charging the viscometer with a new liquid sample, the entire system was flushed thoroughly with hexane, drained and dried under vacuum. The sample was then drawn into the previously evacuated system and pressurised to approximately 10 MPa by means of a hand pump to ensure complete filling of the instrument. The desired initial pressure was then established before starting a sequence of measurements along an isotherm with pressure increasing in approximately even increments. At each state point, two or three measurements were usually made and the mean results obtained were ascribed to the mean temperature and the mean pressure for that group.
The temperature of the fluid was inferred from the reading of a platinum resistance thermometer that was mounted in a well in the cap of the pressure vessel. This thermometer was calibrated by comparison with a standard platinum resistance thermometer that had itself been calibrated on ITS-90 at the UK National Physical Laboratory. The expanded uncertainty of the temperature measurements was ±0.02 K at a coverage factor, k, of 2. The pressure was measured in the external pipework by means of a Paroscientific transducer (Model 40K-110) with a full scale reading of 276 MPa. Prior to the present work, the pressure transducer was calibrated against a pressure balance (piston gauge) in the range (0.1 to 200) MPa. The expanded uncertainty of pressure was ±0.02 MPa (k = 2).
The working equations of the instrument contain four quantities that we choose to determine by calibration. 11 The resonance frequency and logarithmic decrement of the wire under vacuum were inferred from measurements in ambient air; while the radius of the wire and the volume of the tensioning weight were obtained from a measurement in methylbenzene at T = 298.15 K and p = 0.1 MPa. The viscosity of methylbenzene under those conditions was taken to be η = (0.553 ± 0.003) mPa·s, which is the average value from three sources 12, 13, 14 that were selected as primary data in the correlation of Assael et al., 15 while the density was taken to be ρ = 862.3 kg·m -3
. 16 Other quantities in the working equations were either directly measured or were material properties with values taken from the literature.
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The repeatability of results was investigated both by returning to the initial state point after a sequence of measurements on a single sample, and by refilling and repeating measurements with a fresh fluid charge. The relative repeatability of the viscosity was not worse than ±1 % while that of the density was not worse than ±0.1 %. The overall relative uncertainties are ±2 % for viscosity and ±0.2 % for density with k = 2.
Results and correlation
The experimental viscosities and densities of the five liquids are reported in Tables 1 to 5. Since the actual experimental temperatures differed from the nominal isotherm temperatures by ±0.1 K, small fractional adjustments (never more than 0.2 % in viscosity and 0.01 % in density) have been applied so as to reduce all tabulated results to the stated temperatures.
Density. The density was correlated by the modified Tait equation
where p 0 = 0.1 MPa, ρ 0 is the density at p = p 0 , C is a constant and B is a temperature dependent parameter. In this work, we correlated ρ 0 and B as follows:
In order to establish the parameters of this correlation, eq 1 was first applied to individual isotherms and ρ 0 , B and C were adjusted so as to minimise the absolute differences between the measured and correlated values. Here and below, goodness of fit was measured by the absolute average relative deviation, Δ AAD,X , given by ( )
where X i is an experimental datum, X i,fit is calculated from the correlation applied at the same state point, and N is the total number of points. We also calculated the maximum absolute relative deviation, Δ MAD,X , defined by ( )
Once values of ρ 0 , B and C were obtained at each temperature, the parameters a i and b i
were estimated by linear regressions with eqs 2 and 3, and a mean value of C was calculated. Finally, all seven parameters (a 0 , a 1 , a 2 , b 0 , b 1 , b 2 and C) were adjusted in a simultaneous non-linear optimisation so as to minimise Δ AAD,ρ for the entire data set pertaining to a given fluid. The parameters obtained are given in Table 6 .
With our choice of reference pressure p 0 = 0.1 MPa, ρ 0 (T) represents hypothetical liquid states when the temperature exceeds the boiling temperature at p = 0.1 MPa.
Viscosity. The viscosity was correlated in two ways. The first approach sought to represent η as a function of T and p and made use of the equation
where A η , B η and C η are constants, p 0 = 0.1 MPa as before, and D and E are functions of temperature given by:
This correlation method has been found both useful and accurate for a number of pure fluids and mixtures over wide ranges of temperature and pressure. 17, 18 The correlating procedure was as follows. First, individual isotherms were fitted by the equation
to obtain η 0 (the viscosity at p = p 0 ), E and D at each temperature. Second, we estimated A η , B η and C η by linear regression with the equation
using trial values of C η that were adjusted to achieve a good fit. Next, we estimated the parameters d i and e i by linear regressions with eqs 5 and 6. Finally, all nine parameters (A η ,
2 , e 0 , e 1 , and e 2 ) were adjusted in a simultaneous non-linear optimisation so as to minimise Δ AAD,η for the entire data set.
In addition to the five liquids studied experimentally in this work, we have applied the correlation method for the first time to the viscosity data reported previously for dodecane and octadecane. 11 The results of the correlations are reported in Tables 7 and 8 .
In all cases, eq 9 was found to represent accurately the viscosity along an isotherm, and the parameters D and E were found to increase with decreasing temperature. In most cases, this variation was accounted for in a satisfactory way by eqs 7 and 8. However, in the case of 1-MNP at the lowest temperature of 298.15 K, E was found to increase rapidly, apparently without bound, during the isothermal parameter optimisation loop but such that D′ = D/E approached a constant value. This corresponds to a situation in which the eq 9 reduces to a simple exponential dependence upon pressure:
We do not have an explanation for this behaviour. Thus, in the case of 1-MNP, a satisfactory representation of the whole experimental η(T,p) surface was not obtained with eqs 6 to 8
and only the parameters A η , B η and C η are reported. As with the correlation of density, η 0 (T) represents hypothetical liquid states when the temperature exceeds the boiling temperature
The second approach to the correlation of the viscosity was based on a substance-specific version of the hard-sphere theory of Dymond and Assael. 19, 2 In this approach, a dimensionless reduced viscosity η* is defined such that
where
is the molar volume and M is the molar mass.
The reduced viscosity is then correlated as a function of (V m /V 0 ) as follows:
where V 0 is a temperature-dependent molar core volume given by
The values of the eight parameters so determined for each fluid are given in Tables 9 and   10 . In order to apply the correlation at a given temperature and pressure, eqs 1 to 3 may be used to obtain ρ(T,p) and then eqs 12 to 14 to obtain η(T,p).
Comparison with literature: viscosity
The present results for viscosity are plotted in Figures 1 to 5, along with data from the literature, as deviations from eqs 12 to 14. In cases where the original authors did not report the corresponding densities, equations 1 to 3 were employed to obtain ρ at the specified temperature and pressure.
Octane. The available viscosity data for octane have been critically reviewed by Huber et al. 20 and, in Figure 1 , we compare our experimental results with the primary 21,22,23 and secondary data 24, 25, 26 that they selected in the compressed-liquid region. The present viscosities all lie within ±2 % of the correlation and agree well with most of the available data.
In comparison with the correlation reported by Huber et al., 20 which is partially based on the present data, our results exhibit an absolute average relative deviation of 0.6 % and a maximum absolute relative deviation of 2.7%.
Decane. The available data for decane have also been critically assessed by Huber et al. Table 6 . Parameters of eqs 1 to 3 for the density. Table 7 . Parameters of eq 10 for the correlation of viscosity at p = 0.1 MPa.
(corrected from published version). 
